Abstract: For the first time, the propagation of femtosecond laser pulses has been directly visualized with a time-resolved photon scanning tunneling microscope. Both the group velocity and the phase velocity can be unambiguously and simultaneously determined. 
Introduction
Conventionally, pulse propagation is studied with 'black-box' type measurements: pulses are coupled into a structure of interest and the transmitted and/or reflected light is collected and analyzed. Subsequently, the results are compared to a theoretical model. As the pulses are only collected outside the structure of interest, the only insight into the behavior of the pulses inside the structure comes from the confrontation between the experimental observations and the theoretical model. In order to obtain a somewhat more direct insight into the propagation phenomena that occur en route, the experiment is usually repeated for different lengths of the structure. It is clear that this experimental procedure has drawbacks. Firstly, not every photonic structure can be arbitrarily changed in length without affecting its properties. Secondly, when a conflict between experiment and theory is found, it can be hard to find the underlying cause for the discrepancy. To overcome these drawbacks, a non-destructive method is necessary for the investigation of pulse propagation en route: a method that can track, visualize and characterize pulses as they propagate through the structure.
Here, we report a breakthrough in which a femtosecond laser pulse is tracked as it propagates through a photonic structure. The instrument used is based on a recently developed heterodyne detection phase-sensitive near-field optical microscope. By introducing an optical delay line, we can pinpoint the position in space of the propagating pulse at a particular point in time. By changing the position of the delay line, reference point in time is adjusted. As a result the actual propagation of the pulse through the structure is visualized.
Experimental
In the near-field optical microscope the local evanescent field above a photonic structure is measured with a subwavelength fiber probe [refs.] . The evanescent field is locally converted into a propagating wave that is subsequently detected. By raster scanning the probe over the sample surface while keeping the sample-probe distance constant, the topography of the sample is simultaneously measured with the optical information. Figure 1 schematically depicts how the technique is expanded to allow the tracking of femtosecond laser pulses. The whole experiment is carried out with femtosecond laser pulses from a frequency-doubled, Ti:Sapph-pumped optical parametric oscillator. The entire near-field optical microscope plus the sample is incorporated in one leg of a MachZehnder interferometer, thus forming the signal branch. The interference between light in the signal and reference branches is the measured with a photomultiplier tube. Heterodyne detection i s established by acousto-optical modulation in the reference branch of the interferometer. An optical delay line and a femtosecond laser finish the pulse tracking set-up. The position of the optical delay line determines the length of the reference branch. It is clear that optical interference will only occur when there is te poral overlap between the pulses in the reference and the determines a certain reference time. As the fiber probe is now scanned across the photonic structure, a detected interference at a certain fiber position indicates that at the reference time the pulse has traveled to that location. signal branch at the point where the branches are joi r7 ed again. A fixed position of the optical delay in effect CPD28-2 3. Results Figure 1 shows the pulse propagation measurement for four positions of the optical delay line. It is immediately clear that as the reference branch is lengthened, i.e. the reference time is increased, the pulse is found further down the channel waveguide. In the measurement the pulse seems to meander from left to right while propagating. This is actually a consequence of a co-propagation of 2 modes in the channel which leads to a mode beat that shows up as Fig. 1 Near-field pulse tracking of a 300 fs pulse through a channel waveguide. Each image depicts the pulse for a different position of the optical delay line. The pulse travels from left to right.
an apparent meandering. By relating the increase in length of the reference branch to the actual displacement of the pulse in the waveguide we find the group velocity. Figure 2 depicts the position of the pulse in the waveguide as a function of the position of the optical delay line. The straight line is the result of a least-squares fit that shows that the group velocity is 0.92 times the phase velocity. The latter is directly measwed from the fringes of the interferometric measurement (not shown in fig. 1 ). 
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Conclusion
The frrst pulse tracking measurements of the femtosecond laser pulses have been performed with a time-resolved PSTM. Because of so-called mode beating the phase exhibits singularities. This type of measurements will in the near-future unravel the spatio-temporal response of (integrated) advanced photonic structures.
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